A 4-kb segment of DNA containing two previously cloned butanol dehydrogenase (BDH) isozyme genes (D.
The gram-positive, obligately anaerobic bacterium Clostridium acetobutylicum is one of the few organisms known to produce 1-butanol as a major fermentation product. Interest in the use of butanol as a fuel extender and chemical feedstock has prompted several investigations into the molecular means by which C acetobutylicum produces butanol.
The butanol dehydrogenase (BDH) is involved in the final step of the butanol formation pathway in C. acetobutylicum. In this step, butyraldehyde is converted to butanol, with the cofactor NAD(P)H being oxidized in the process. Evidence suggests that there are two distinct types of BDHs in C. acetobutylicum, one which is NADH dependent and one that is NADPH dependent (11, 25) . The relative physiological importance of these two dehydrogenases is unclear at present.
Previously, Youngleson et al. (42, 43) cloned and sequenced the adhl gene from C. acetobutylicum P262. This gene codes for a 43-kDa NADPH-dependent alcohol dehydrogenase (ADH). No activity was observed with NADH as a cofactor. The enzyme utilized ethanol and butanol nearly equally well and was thus classified as an ADH.
More recently, two BDH isozymes (BDH I, BDH II) were purified and cloned from C. acetobutylicum ATCC 824 (25, 35, 36) . These isozymes were primarily NADH dependent, although some NADPH-dependent activity was observed. Both enzymes were dimers with a subunit molecular size of -42 kDa. The BDH II enzyme was found to have 46-fold greater activity with butyraldehyde than with acetaldehyde, whereas the BDH I enzyme had only 2-fold greater activity.
In this study, the nucleotide sequence and putative amino acid sequence of the bdhA and bdhB genes are presented.
These two genes code for proteins showing homology to a newly described class of ADHs. Although the bdhA and bdhB genes were found to exist in tandem on the chromosome, RNA studies revealed that they do not form an operon. In addition, both genes were shown to be induced or * Corresponding author.
derepressed near the onset of butanol formation in batch culture.
MATERIALS AND METHODS
Bacterial strains. C. acetobutylicum ATCC 824 was obtained from the American Type Culture Collection (Rockville, Md.). Escherichia coli ER2275 [trp3l hisl tonA2 rpsL104 supE44 xyl-7 mtl-2 metBi e14+ A(1ac)U169 endAl recAl R(zgb-210::TnlO) Tets A(mcr-hsd-mrr)114::1510/F' proAB lacIqZAM15 zz::min-TnlO (Kmr)] was obtained from New England Biolabs (Beverly, Mass.) and was used for all cloning steps.
Growth conditions and maintenance. E. coli was grown aerobically at 37C in Luria-Bertani (LB) medium supplemented when necessary with ampicillin (50 ,ug/ml), kanamycin (25 ,g/ml), and chloramphenicol (250 ,ug/ml). E. coli was stored in LB medium containing 10% glycerol at -85°C. C. acetobutylicum was grown in clostridial growth medium (37) and was maintained as previously described (19) . Batch fermentations for RNA experiments were performed in a Biostat M bioreactor (B. Braun Instruments, Burlingame, Calif.) with a culture volume of 1.5 liters, and fermentations for assay experiments were performed in a BioFlo II bioreactor (New Brunswick Scientific, Edison DNA isolation and manipulation. Isolation of C. acetobutylicum chromosomal DNA was performed as previously described (19 37°C . When growth appeared on the nitrocellulose, the filters were transferred onto LB plates containing chloramphenicol and incubated for an additional 24 h. The gridded colonies were then lysed, and the liberated DNA was fixed by using the method described by Sambrook et al. (30) . The nitrocellulose filter was incubated at 42°C for 4 h in a prehybridization solution consisting of 50% formamide, Sx Denhardt's solution, Sx SSPE (lx SSPE is 0.18 M NaCl, 10 mM NaPO4, and 1 mM EDTA [pH 7.7]), 0.1% sodium dodecyl sulfate (SDS), and 100 ,ug of denatured salmon sperm DNA per ml. Single-stranded radiolabeled probe was then added to the prehybridization solution, and the hybridization was allowed to continue at 42°C for 14 h. After the hybridization was finished, the following washes were performed: five washes for 10 min at room temperature in 2x SSC-0.1% SDS, one wash for 1 h at 68°C in lx SSC-0.1% SDS, one wash for 4 h at 68°C in lx SSC-0.1% SDS, and one wash for 1 h at 68°C in 0.2x SSC-0.1% SDS. The filter was air dried and then exposed to X-ray film.
DNA sequencing. Sequencing of both strands of DNA was done by the dideoxy chain termination method of Sanger et al. (31) by using synthetic oligonucleotide (20-mer) primers. Double-stranded plasmid DNA was prepared for use as a template, and sequencing reactions were performed by using the Sequenase version 2.0 kit (U.S. Biochemical Corp., Cleveland, Ohio) according to the specified conditions. Isolation of total RNA. Total RNA was prepared by a modification of the procedure of Gerischer and Durre (12) . Indicated stock solutions were treated with diethyl pyrocarbonate (DEPC) as described previously (9) . Cells from 10 ml of growing culture were harvested by centrifugation at 4°C, and the pellets were stored at -85°C. Cell pellets were suspended in 3 ml of ice-cold AE buffer (20 mM sodium acetate [pH 5.5], 1 mM EDTA). To this suspension, 6 ml of acid phenol (AMRESCO, Solon, Ohio) and 150 ,ul of 20% SDS, both preheated to 60°C, were added. The suspension was shaken by hand for 6 min at 60°C and then placed on ice for 5 min. After centrifugation (4°C), the upper phase was recovered and adjusted to 0.25 M sodium acetate with a 2 M sodium acetate (0.1% DEPC-treated) stock solution. Three more acid phenol extractions were performed, and the RNA was precipitated by the addition of 2.5 volumes of 100% ethanol. RNA was centrifuged, dried, and then resuspended in 40 ,ul of 62.5 mM Tris-HCl (pH 7.5)-12.5 mM MnCl2. After the addition of 5 ,u1 of RNAguard (Pharmacia; 29,000 U/ml), this mixture was treated with 5 ,ul of DNase I (U.S. Biochemical Corp.; 2,126 U/ml) and incubated at 37°C for 45 min. After extraction with an equal volume of phenolchloroform (AMRESCO), the RNA was precipitated with 1/10 volume of 3 M sodium acetate (0.1% DEPC treated) and 2.5 volumes of 100% ethanol. The integrity of the RNA was checked by standard gel electrophoresis, and the concentration was determined from A260 measurements (1 A260 unit = 40 ,ug of RNA per ml).
Northern blot analysis. Total RNA was separated on 1%
(wt/vol) formaldehyde agarose gels (30 
RESULTS
Recloning the C. acetobutylicum BDH genes. It was desirable to reclone the BDH genes on a larger segment of DNA than they were originally cloned for studies localizing other cloned fermentative genes to this region. Hence, a pWE15 cosmid library of C. acetobutylicum 824 genomic DNA was screened by colony hybridization by using as a probe a 0.9-kbAvaII-PvuII fragment from the plasmid pBDH51 (25) , on which the genes were originally cloned. Preliminary sequencing of this AvaII-PvuII fragment had revealed a DNA segment which, when translated, matched the N-terminal amino acid sequence of the purified BDH I (35) . Several positive colonies were identified, and two were selected for further characterization. Cosmid DNA was isolated from these two colonies. The cosmid pCP14 con-tained an insert of 33 kb, and the cosmid pCP23 contained an insert of 36 kb. The presence of four EcoRI bands of identical size in these two clones indicated that they likely contained a 16.7-kb segment of common DNA. Southern analysis of EcoRI-digested pCP14 and pCP23 by using the probe mentioned above localized the BDH I gene to a 6-kb EcoRI fragment present in both cosmids. The probe also hybridized to an identical-size fragment of EcoRI-digested C acetobutylicum 824 chromosomal DNA.
The 6-kb EcoRI fragment from pCP14 was subcloned into the EcoRI site of pUC18 to yield the plasmid pECO14. This plasmid was used for all subsequent sequencing experiments.
Nucleotide sequence of the bdzA and bdhB genes. Both strands of a 3,893-bp segment of C. acetobutylicum DNA contained on the plasmid pECO14 were sequenced and are shown in Fig. 1 . Two complete open reading frames (ORFs) were contained on this segment as well as part of a third ORF. Comparison of the predicted amino acid sequences of the two complete ORFs with those of the N-terminal portions of the purified BDH I and BDH II (28, 35) revealed that the first complete ORF coded for BDH I and the second coded for BDH II. These genes were named bdhA and bdhB, respectively.
bdhA and bdhB are 1,170 and 1,173 bp in length, respectively. Putative ribosome-binding sites were located 8 bp upstream of the bdhA start codon (5'-AGGAGG-3', positions 710 to 715) and 7 bp upstream of the bdhB start codon (5'-AGGAGG-3', positions 2157 to 2162). The spacing and sequence of these ribosome-binding sites matched well those found for other C. acetobutylicum genes (24) . The bdhA gene is terminated by two consecutive stop codons (UAA, UAG), and the bdhB gene is terminated by a single (UAA) stop codon.
Amino acid analysis. The bdhA and bdhB genes code for proteins containing 389 and 390 amino acid residues, respectively. The calculated molecular masses of the BDH I and BDH II proteins were 43,039 and 43,227 Da, respectively. These molecular masses agreed well with those previously determined by SDS-polyacrylamide gel electrophoresis (42 kDa) for the purified proteins (35, 36) . There was 72.9% identity (85.8% similarity) between the amino acid sequences of BDH I and BDH II. This homology was found over the entire length of the two proteins. The BDH proteins showed homology to several other proteins, which are listed in Table 1 . These proteins have 24 to 29% identity (48 to 54% similarity) with the two BDH proteins. The alignment of these proteins is shown in Fig. 2 . There are 32 amino acid positions which are strictly conserved in all seven proteins, with an additional 19 positions that are conserved in six of the seven proteins.
Transcriptional start and stop sites. Northern (RNA) blots were performed by using total mRNA isolated from C. acetobutylicum cells which had been producing butanol for 2 to 3 h. To prevent any possibility of cross-hybridization, probes were made to corresponding regions of bdhA and bdhB, where little homology existed at the DNA level. A lack of probe cross-hybridization was also demonstrated in primer extension experiments, where no extension products corresponding to the other transcript were observed for either probe. When probing with an end-labeled oligonucleotide complementary to bdhA (5'-ATCAAAACTTAGCAT ACTTCT-3'), a single 1.3-kb band was identified on a Northern blot (not shown). Use of an oligonucleotide (5'-TTCGAAATCAACCACT`ETAA-3') complementary to the bdhB gene yielded a single band of -1.35 kb. From these data, it was evident that bdhA and bdhB were not expressed as an operon.
Primer extension experiments were conducted to identify the transcriptional start sites of both genes. The results of these experiments are shown in Fig. 3 . A major band in lane 5 of Fig. 3 indicates that transcription of bdhA starts at a site 37 bp upstream of the start codon. Analysis of lane 6 of Fig.  3 indicates that the transcriptional start site for bdhB lies 58 bp upstream of its start codon. Two smaller bands of lesser intensity can also be seen in this lane. These bands likely do not represent alternate promoters since there are no corresponding -10 and -35 regions similar to consensus clostridial promoters; instead, these bands likely represent either specific degradation products or regions where the reverse transcriptase has difficulties reading through secondary structure. An inverted repeat region has been identified which corresponds to the location of these minor bands. No other transcriptional start sites were found within 250 bp of the start codon of either gene. Promoter regions for bdhA and bdhB along with others mapped from C. acetobutylicum are shown in Table 2 .
After the sizes of the two transcripts and their transcriptional start sites were determined, it was possible to identify likely terminators for the two transcripts. An inverted repeat which would be capable of forming a stem-loop structure with a stem of 14 nucleotides in length was located downstream of bdhA. There were several U residues at the base of the stem and immediately following it, making it likely that the terminator is rho independent (29) . A large inverted repeat resembling a rho-independent terminator was also found downstream of bdhB. This repeat would correspond to a stem-loop with a stem length of 20 nucleotides. mRNA analysis of the bdhA4 and bdhB genes. A controlled pH 5.0 batch fermentation was performed to determine the relative levels of both the bdhA4 and bdhB transcripts during a C. acetobutylicum fermentation. The butanol formation profile for this fermentation is shown in Fig. 4 . Cells begin to produce butanol as they enter the stationary phase of growth. Cell samples were taken at six time points (Fig. 4 , points a to f), and total RNA was purified from each sample. Primer extension reactions were performed on these samples by using primers complementary to the bdhA and bdhB transcripts. The same concentration of total RNA was used for each primer extension reaction. The primer extension products were examined on an 8% polyacrylamide sequencing gel and are shown in Fig. 5 . Low levels of bdhA transcript are present at time point a when trace amounts of butanol are first detected in the culture. A dramatic increase in bdhA transcript from point b to c is observed, followed by a gradual decrease at points d and e. No bdhA transcript is detectable at point f, at which time butanol formation has ceased. No bdhB transcript is found at point a. However, a pattern similar to that of the bdhA transcript is observed for the remaining time points. There appear to be higher levels of bdhA4 transcript than bdhB transcript for all the time points where transcripts were present.
The (pTecoll, EcoRI [27] ), the phosphotransbutyrylase and butyrate kinase (pJC7, BamHI-PstI [4] ), the ADH (pCAD H1A2, BglII [42] ), and a 14-kb segment of DNA containing the acetoacetate decarboxylase and coenzyme A-transferase genes (pSDC2, SalI [26] ) from C. acetobutylicum were probed. Southern blot (not shown) analysis revealed only hybridization to the control (pCP14, EcoRI-digested) lane. Thus, none of these previously cloned genes were found on the 33-kb segment of DNA containing the BDH genes.
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DISCUSSION
Previously, a DNA fragment containing the coding region for both BDH genes was cloned (25) . In this study, a 3,893-bp segment of DNA containing these BDH genes was sequenced. The BDH proteins were found to show homology to a newly described class of ADHs (34) . This class of ADHs is distinct from the long-chain, zinc-dependent ADHs typically found in eucaryotes (41) and also distinct from the short-chain, non-zinc-dependent ADHs found in Drosophila spp. (32) . While the BDHs showed identities of 24 to 29% with this class of proteins (Table 1) , an average identity of over 42% was found between all the proteins of this class (not including the BDHs). Thus, while the BDH proteins show identity to this class of ADHs, they are likely a subclass. These differences might derive from the fact that the BDH proteins are involved in formation of butanol rather than ethanol, methanol, or 1,2-propanediol.
The BDH proteins also showed identities of 23 and 24% to a previously described (13) E. coli ADH coded by the adhE gene. This enzyme is substantially larger, at 891 amino acid residues, than all of the ADHs listed in Table 1 and has been shown to exhibit both alcohol and coenzyme A-linked acetaldehyde dehydrogenase activities. It has been suggested (13) that this enzyme perhaps represents the evolutionary fusion of the ADH and acetaldehyde dehydrogenase enzymes. Although it is clear that a portion of this enzyme is similar to the ADHs listed in Table 1 , the differences mentioned above merit distinction of this enzyme from this class of ADHs.
The BDH polypeptides were slightly larger than the ADHs listed in Table 1 . When the ADH proteins are aligned with VOL. 174, 1992 on November 7, 2017 by guest An NADH-binding region has been identified in longchain, zinc-dependent ADHs which contains a conserved glycine-rich region of GxGxxG or GxxGxxG within a Pap Rossmann fold (16) . No such regions were found in either of the BDHs, and only one such region (6) has yet been identified in any of the enzymes in this new ADH class, despite the fact that all of the proteins with the exception of the C. acetobutylicum ADH have been shown to be able to utilize NADH as a cofactor (6, 7, 10, 33, 35, 43) .
All but one of the -35 and -10 region nucleotides are conserved between the bdh promoters ( Table 2 ). In addition, there is extended identity immediately downstream of both the -35 and the -10 regions. These extended -35 and -10 regions may be required for recognition of the promoter regions or may simply be coincidental. The -35 and -10 regions of these two promoters are spaced slightly closer (16 bp) together than those found for all other promoters identified in C acetobutylicum (17 to 19 bp).
The only other solvent formation enzyme whose promoter has been mapped is the acetoacetate decarboxylase (adc). Like the bdh genes, this gene is also induced near the onset of solvent formation. However, the -10 and -35 regions of the adc promoter more closely resemble those of the glnA promoters (primarily constitutive under normal conditions) than they resemble those of the bdh promoters. Thus, it is not likely that a single sigma factor is directly responsible for the induction of all of the solventogenic genes in this organism.
In the pH 5.0 batch fermentation shown in Fig. 6 , NADHdependent BDH activity increases dramatically 2 to 3 h prior to the appearance of butanol in the culture. This observation is consistent with what others have found (14, 35) . Levels of bdhA and bdhB mRNA monitored by primer extension analysis (Fig. 5) indicate clearly that both the bdh genes are induced or derepressed immediately prior to accumulation of significant amounts of butanol in the culture. The appearance of bdh mRNA and BDH activity at approximately the same time suggests that the BDHs are, at least initially, regulated at the transcriptional level. It is difficult to find major differences in the expression patterns of the bdhA and bdhB genes under the conditions employed in these fermentations. Qualitatively, there appear to be larger levels of bdhA than bdhB mRNA at the time of induction or derepression. In addition, at the earliest time point when trace levels of butanol were initially detected in the culture (Fig. 4, point  a) , only the bdhA transcript was detected.
Sequence analysis revealed the location of segments of inverted repeats in the promoter regions of both the bdhA and bdhB genes (Fig. 1) . The inverted repeats in the bdhA promoter segment overlap both the -10 and -35 regions. These inverted repeats are fairly short, have two mismatches, and are separated by a large number of nucleotides (18 bp); taken together, these factors would tend to rule out the possibility that the inverted repeats represent a site for a DNA-binding protein. The location of these repeats, however, would be amenable to binding of a repressor that would interfere with binding of the RNA polymerase (5). The bdhB inverted repeats more closely resemble typical sites of DNA-binding proteins (1) . The inverted repeat segment of the bdhB starts 2 bp downstream of the -10 region of its promoter and overlaps the transcriptional start site. These repeats are located in a position where repressor binding sites are commonly found in other organisms (5) . There is no similarity between the inverted repeat regions of bdhA and bdhB. Searches of the GenBank (2) data base using the sequence of either inverted repeat region revealed no significant identities with other sequences. Clearly, further experiments are necessary to discern the role of these regions, if any, in the transcription of these genes.
Previously, both genes in the butyrate formation pathway (phosphotransbutyrylase and butyrate kinase) were found to exist together on the chromosome, as were both genes in the acetone formation pathway (coenzyme A-transferase and acetoacetate decarboxylase) (4, 12, 26) . Considering this genetic organization, it seemed possible that the gene coding for the other butanol formation pathway enzyme, the butyraldehyde dehydrogenase, might exist proximal to the bdh genes. However, thus far only a single potential open reading frame (ORF1) has been identified in this region. The last -330 bp of ORF1 have been sequenced. Data base searches using the translation product of ORF1 did not reveal any high homologies to any previously sequenced proteins; however, almost all of the proteins that showed homology to the ORFi translation product were membraneassociated proteins. The relative role of these two BDH isozymes in C. acetobutylicum is as yet unknown. Under the culture conditions employed in these experiments, their expression patterns are similar. In animal and plant cells, multiple ADHs often form intergenic heterodimers (41) . This possibility cannot be ruled out for the BDH isozymes; however, plasmids containing only the bdhA gene were capable of generating BDH activity in E. coli. In Zymomonas mobilis, two ADHs, one containing zinc and one containing iron, have been identified (39) . The relative levels of these two ADHs are dependent upon the availability of iron or zinc (17) , the presence of alcohol (22) , and the growth phase (23) . Interestingly, two of the five ADHs that showed homology to the BDHs have been demonstrated to be iron activated (6, 7) . Although previous experiments have indicated that both BDHs likely utilize zinc (35, 36) , further experiments may be necessary.
The generation of null mutants lacking one of the two BDH activities would facilitate identification of their relative roles. However, until successful methods for performing chromosomal integrations are developed in C. acetobutylicum, studies utilizing different medium conditions (pH, metal ions, carbon sources, etc.) may help elucidate the roles of these two BDH isozymes.
